Abstract-Phonon relaxation and internal friction in kaolin and bentonite filled PVC composites are stud ied. By varying the temperature and/or content of the ultrafine mineral filler in the PVC, one can control the contribution from phonon viscosity, damping force, and the effect of viscosity into the energy dissipation of ultrasonic oscillations in the MHz frequency interval. The dynamic character of the measurements makes it possible to differentiate between relaxation phenomena in the composites and to suggest methods for their controlled changes.
INTRODUCTION
The evolution of concepts concerning the behavior of polymers in mechanical dynamic fields [1] has demonstrated that the use of the classical theory of vis coelastic media [2] encounters certain difficulties in solving the problems for many solids [3] . This observa tion is primarily related to amorphous polymers, in which only fluctuation (this does not prevent a discrete character of their shape) of structural elements with finite lifetimes τ ik can exist [4] . These elements are referred to as microblocks or supernetworks [5] , and they can exist over rather long periods of time or τ ik ӷ t (where t is the period of ultrasonic oscillations of fre quency ω). The existence of intermolecular and intramolecular interactions leads to the situation when, in the case of local and/or segmental mobility, interaction between structural elements is preserved.
According to [6] , motion of the system composed of such structural elements can be represented as a superposition of normal oscillations or modes where each of these modes is characterized by its own fre quency ω i , energy Е = ω i , and impulse Р i . Represen tation of the mode of sonic oscillations as a quasipar ticle (phonon) seems to be very efficient for discussing the physics of the problem from the mathematical viewpoint as well [7] . One of the pioneering attempts to apply the phonon theory for the description of amorphous compounds was performed by Klemens [8] . He showed that the most important criterion of structural energy dissipation is the correlation between phonon wavelength and elastic correlation length. In this case, the average free path of phonons in the polymers is controlled by the interaction between phonons (phonon gas [8] ) and by the interaction between phonons and defects [9] . Ziman [7] found that there is phonon scattering due to changes in their speed on passing from one to another point in an amorphous solid. In polymers, propagation of longi tudinal l and transverse t waves with different speeds (v l > v t ) is observed [10] . This reasoning makes it pos sible to speak of long wavelength modes of sonic waves with various polarizations [6] . Let us also mention that we are dealing with sufficiently long wavelength modes (ω Ӷ ω D , where is the Debye frequency), and that the frequency of oscillations corresponds to low energies. Therefore, the spectrum of mechani cal losses can be compared [11] to the characteristics of phonon gas, in which phonons interact with each other, and whose composition can change with time.
The relaxation spectrum of structural elements in a polymer can also be calculated and analyzed using the equations of the classical theory of viscoelastic media [2] . However, in this case, the problem concerning energy dissipation in the polymer during its shear deformation under the action of ultrasonic field remains unsolved. The point is that the shear wave does not lead to any volume changes and, hence, to any thermal effects; therefore, thermoelastic absorp tion [12] is not related to this wave. In this case, there are two types of internal friction provided by the oscil lations of structural elements in the amorphous poly mer [10] . The first mode is the dynamic internal fric tion due to damping forces prohibiting motions at local and/or segmental scales. for the fixed fragment of the supernetwork [6], which oscillates under the action of the external ultrasonic field. The second type of energy dissipation is provided by the detachment of the superlattice from network junctions. In the case under study, due to the smallness of the energy of ultrasonic oscillations, this mode of internal friction is neglected. Changes in internal fric tion in a wide temperature interval due to the action of damping force per unit length of the kinetic structural element is related to the coefficient of braking В, which is provided by the thermoelastic mechanism and phonon scattering. However, there remains the unsolved question concerning the contribution from phonon dynamic viscosity and motion of structural elements to the energy dissipation in polymer com posite materials over the megahertz frequency interval. Hence, the objective of this work can be formulated as follows: using the elements of the phonon theory for amorphous solids and the classical theory of viscoelas tic media, to study the contribution from phonon vis cosity and damping into the internal friction of heter ogeneous systems based on PVC.
MODEL
As a model, a PVC macromolecule is represented as a unidimensional crystal like "pearl necklace" [5] ; according to Debye, the lattice value of the wavevector is calculated as = (N is the number of the structural element in a solid with volume V) [10] . It is found that = 1.6 × 10 10 m -1 and the minimum wavelength = = 3.9 × 10 -10 appears to be comparable to the scale of the monomer unit (⎯СН 2 СНСl-) n of PVC. Therefore, in the PVC based system, waves with cannot travel, and this corresponds to the Debye frequency ( = , where is speed of the propagation of transverse oscillations in the system), which is equal to 2.4 × 10 13 s -1
. In our experiments, condition ω Ӷ ω D is ful filled. In this case, we assume that, for various oscilla tions and directions, energy levels off through the phonon mechanism within relaxation time τ. When we introduce the concepts concerning the action vec tor [4] as the impulse of the ultrasonic field, then according to the Williams-Landell-Ferry principle [13] , at ω = const, the whole relaxation spectrum is shifted and deformed with temperature variations. Taking into account the fact that relaxation time τ is primarily controlled by the same processes taking place upon thermal conductivity [14], we have
Here, is the weighted average speed of transverse and longitudinal waves; λ is the thermal conductivity; is the specific thermal capacity per unit volume of the material.
The value is defined as in [10]:
(2) Thus, the phonon viscosity reads as ,
where Е 0 is the overall thermal energy according to the Debye theory [11] . Using Eq.
(1), according to which ,
from the measured values of λ, and from the calcu lated value of , we find for the PVC system.
Estimate the contribution from phonon viscosity to the absorption of the shear ultrasonic wave according to [6] :
(ρ is the density of the system; ω = 0.4 MHz).
In the phonon gas, only entropy gain S can provide the recovery of equilibrium state; as a result, with increasing temperature Т, additional dissipation of the ultrasonic wave takes place [7] . Indeed, the calcula tions performed according to [15] show that, for PVC at T = T g , S ≈ 3 × 10 -2 kJ/mol and, under the action of the ultrasonic wave, entropy driven mechanism of relaxation can take place. Hence, one can study the energy dissipation with account for the damping force, which acts on the unit length kinetic element in PVC [6]:
Here, is the intrinsic frequency of oscillations of a structural element, М is the effective weight of the ele ment per unit weight; δ 2 is the phase shift of the oscil lating stress. The value is estimated according to the model of a macromolecule whose ends are rigidly fixed [5] . Then, ,
where n and l stand for the number and length of the monomer units in the macromolecule, respectively.
Under alternating stress, dissipative effects, espe cially for linear polymers, are also described in terms of the dynamic viscosity as [6] (8) ( is the loss modulus). Thermal activation should be described with account for changes in the effective length of the kinetic units in PVC. It is known [13] that when a seg ment with length l smaller than the overall length of the macromolecule adopts the configuration with energy ( ), it provides an additional contribu 
